Introduction {#s1}
============

Systemic lupus erythematosus (SLE) is a heterogeneous disease with dysfunction in both the innate and adaptive components of the immune system,[@R1] leading to inflammation in multiple organ systems. Periods of disease inactivity can be interrupted by flares of increased activity, or a patient may have chronic activity.[@R2] No single clinical laboratory test is currently useful as an indicator of clinical disease activity. Attempts to establish markers have led to studies exploring titres of antibodies to double-stranded DNA (anti-dsDNA),[@R3] levels of complement,[@R4] erythrocyte sedimentation rate,[@R5] chemokines[@R6] and complement deposition on red blood cells.[@R7]

One approach to identify markers of disease activity is to investigate expression levels of genes thought to be involved in the pathogenesis or maintenance of SLE. The variable expression of cytokines determined by these genes is thought to contribute to SLE itself, as well as to the heterogeneity of SLE.[@R8] The difficulty with cytokines is both their pleiotropic effects as well as the complex interactions among cytokines[@R9] in some cases, leading to both proinflammatory and anti-inflammatory effects. Further, cytokines thought to be involved in the pathogenesis of SLE, such as interferon alpha, may not vary in states of high or low disease activity.[@R10]

TNFα has been explored with conflicting results in SLE.[@R13] However, a member of the TNF ligand family, B cell activating factor (BAFF), also known as B lymphocyte stimulator (BLyS), is thought to be closely tied to the pathogenesis of SLE (summarised in ref. [@R14]). BAFF is expressed by multiple cell types, including monocytes, activated neutrophils, T cells and dendritic cells.[@R15] A variety of cytokines including interferon alpha, interferon gamma and TNF can induce its expression and secretion. Binding of BAFF to its receptors (of which there are three) leads to B cell proliferation, differentiation and survival, and IgG class switching.[@R16] [@R18] [@R19] Significant effects have been found on T cells as well, with binding leading to proliferation, cytokine production and skewing towards a Th1 cell profile.[@R20] In mice, overexpression of BAFF leads to SLE-like features.[@R19] [@R23] [@R24] Elevated serum levels of BAFF were found in patients with SLE[@R25] [@R26] though an early study did not suggest a correlation with disease activity.[@R27] Since that time, a 2-year four-centre longitudinal study,[@R28] a Norwegian study[@R29] and a paediatric study[@R30] have shown correlation between serum BAFF protein levels and disease activity. A targeted therapy directed against BAFF, belimumab, is the first new therapy for SLE in 50 years.[@R31] Treatment of lupus-prone NZB/W mice with BAFF inhibition delayed renal disease and death.[@R32] [@R33] Human trials found that inhibition of BAFF activity led to reduction in SLE activity as measured by the SLE Responder Index.[@R31] [@R34]

The level of BAFF transcript expression may correlate better with disease activity than the serum level of the protein product.[@R35] It was noted that, while BAFF was important in the pathogenesis of SLE, the association between serum BAFF protein levels and disease activity was weak. Collins and colleagues investigated BAFF mRNA levels from peripheral blood leucocytes and BAFF serum protein levels and compared both with SLE disease activity in 60 predominantly Hispanic (82%) patients with SLE; 37 of whom had repeat levels drawn. They found that the mRNA levels were better correlated with disease activity measured by the SLE Disease Activity Index (both full-length mRNA and an alternatively spliced isoform). Interestingly, their subsequent work[@R36] found that the BAFF protein level, but not the BAFF mRNA level, was increased in rheumatoid arthritis and declined in response to TNF antagonist therapy in good responders. However, mRNA levels were unchanged in either good or poor responders. This might reflect local versus systemic production and be due to differences between rheumatoid arthritis and SLE pathology.

In this study, we explored the association between BAFF gene expression, BAFF protein level and the associations with same-day and longitudinal clinical disease activity in SLE.

Patients and methods {#s2}
====================

Study population and design {#s2a}
---------------------------

The study protocol for SPARE (Study of biological Pathways, disease Activity and Response markers in patients with systemic lupus Erythematosus) was approved by the Johns Hopkins University School of Medicine Institutional Review Board. Patients with SLE were enrolled from the Hopkins Lupus Cohort following informed consent. Adult patients were eligible if they were aged 18--75 years old and met the definition of SLE as defined by the revised American College of Rheumatology classification criteria.[@R37] [@R38] At entry into the study (baseline), the patient\'s medical history was reviewed, and information on current medications was recorded. Visits were scheduled quarterly or more often if required for disease activity over a 2-year period. All patients were evaluated by the same physician at entry and all subsequent cohort visits (MP). A total of 306 patients with SLE were enrolled in the observational study. For 275 of the patients, levels of BAFF RNA were measured at baseline, and the clinical experience of patients in the next year was recorded at their quarterly clinic visits in the following year. The demographics were 58.9% Caucasian, 33.9% African--American, 91.1% female, mean age 46.0±11.9 years. The number of visits per patient over the following year ranged from 1 to 9. Six patients had 1 visit, 46 patients had 2--3 visits, 159 patients had 4 visits, and 81 patients had more than 4 visits.

Patients were treated according to standard clinical practice. To assess disease activity, the Safety of Estrogens in Lupus Erythematosus: National Assessment (SELENA) version of the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI)[@R39] [@R40] as well as the physician global assessment (PGA)[@R41] were completed at each visit. C3, C4, anti-dsDNA (*Crithidia*), complete blood cell count and urinalysis were performed at every visit.

Sample preparation {#s2b}
------------------

Peripheral blood samples used for gene expression analyses were collected using the PAXgene Blood RNA system (PreAnalytiX GmbH). RNA was isolated from PAXgene preserved blood using the Agencourt RNAdvance Blood kit automated on an Arrayplex liquid handling system (Beckman Coulter, Indianapolis, Indiana, USA). RNA integrity and concentration were assessed using the HT RNA reagent kit (Caliper Life Sciences, Hopkinton, Massachusetts, USA) using a LabChip GX (PerkinElmer, Waltham, Massachusetts, USA). RNA samples with a RQS score of \>8.0 were considered of acceptable quality for downstream applications.

For protein analyses, serum was collected (SST tubes) and stored frozen until use.

Quantitative real-time PCR {#s2c}
--------------------------

PAXgene-derived RNA was reverse transcribed to cDNA with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Custom primers and probe sequences for BAFF were designed using the NCBI Nucleotide website and Primer Express software, and ordered from Applied Biosystems Custom Oligo Synthesis Service (Foster City, California, USA). BAFF sequences are as follows: primers 5′-TCGATGTATTCAA AATATGCCTGAA-3′ and 5′-GCAATGCCAGCTGAATAG CA-3′, and probe 5′-6FAM-CACTACCCAATAATTC-MGBNFQ-3′. Quantitative measurement of BAFF was performed using a standard curve created with a custom DNA oligonucleotide with sequence: 5′-TGACTTTGTT TCGATGTATTCAAAATATGCCTGAAACACTACCCAATAATTCCTGC TATTCAGCTGGCATTGCAAAACTGGAA-3′. Quantitative real-time PCR reactions were performed in duplicate using TaqMan Universal PCR Master Mix (Applied Biosystems) using the QuantStudio 12K Flex system (Applied Biosystems). BAFF gene expression levels were normalised against the housekeeping gene GAPDH. GAPDH sequences: primers 5′-ACCACCAGCCCCAGC AA-3′ and 5′-GGGACTCCCCAGCAGTGA-3′, and probe 5′-6FAM-AGCACAAGAGGAAGAGA-3′. GAPDH oligo sequence: 5′-AGACCCCTGGACCACCAGCCCCAGCAAG AGCACAAGAGGAAGAGAGAGACCCTCACTGCTGGGG AGTCCCTGCCACACTC-3′. Statistical analysis and graphing were done with GraphPad Prism software.

Protein analysis {#s2d}
----------------

BAFF serum protein level was assessed with the Rules-Based Medicine platform (Myriad RBM, Austin, Texas, USA). Their antibody method demonstrates \<1% cross-reactivity with APRIL.

Statistical analysis {#s2e}
--------------------

We categorised patients, a priori, into tertiles. The groups were then compared with respect to the proportion of patients with various disease manifestations before, at the same time, and in the subsequent year after BAFF assessment. p Values adjusted for age, race and sex were calculated using logistic regression. To account for the correlation between repeated visits from the same person in the analysis of the subsequent year of activity, we used robust variance estimates from generalised estimating equations, as implemented in SAS V.9.2.

Results {#s3}
=======

Patients with SLE {#s3a}
-----------------

Two hundred and seventy-five patients with SLE were evaluated for same-day disease activity, activity over the next year, serological parameters and BAFF gene expression level. The patients were 92% female with a mean age of 46 years (±12). The average SELENA-SLEDAI was 2.1 (±2.5) with a range from 0 to 11. Further demographic characteristics are shown in online supplementary table S1.

BAFF gene expression and relationship to SLE disease activity {#s3b}
-------------------------------------------------------------

The distribution of BAFF gene expression is shown in [figure 1](#LUPUS2014000063F1){ref-type="fig"}A. There is significant skew with most patients having lower values of BAFF gene expression.

![(A) Distribution of BAFF mRNA within the cohort. (B) Distribution of the BAFF protein levels within the cohort. (C) Association between BAFF protein concentration and BAFF mRNA within patients in the cohort. BAFF, B cell activating factor.](lupus2014000063f01){#LUPUS2014000063F1}

Higher average levels of BAFF gene expression were more common in African--Americans than in Caucasians (see online supplementary table S2). Though represented by much smaller numbers in our cohort, both Asians and 'Other' ethnicity had higher BAFF expression than African--Americans or Caucasians. We also noted associations between higher BAFF level gene expression and younger age. We show in online supplementary table S2 that, as a whole, both Caucasians and African--Americans have associations between increasing levels of BAFF and increasing disease activity (as measured by SLEDAI). This is explored in more detail below.

Online supplementary table S3 shows the association between BAFF levels and history of various SLE-related manifestations. There was not a strong correlation between the individual components of the revised ACR classification criteria and BAFF gene expression level. The BAFF expression level was correlated with a prior history of leucopenia, more autoantibodies (anti-dsDNA, anti-Sm, anti-Ro, anti-La and anti-RNP) and low complement.

[Table 1](#LUPUS2014000063TB1){ref-type="table"} shows the association between BAFF levels and SLE disease activity (clinical and serological) measured on the same day. Measures of disease activity were well correlated with BAFF gene expression level. Seventy-four per cent of patients with a high BAFF gene expression score had a SLEDAI ≥2 compared with only 40% of those with a low BAFF gene expression score (p\<0.0001). A PGA \>1 (meaning moderate-to-high SLE activity) was found in 28% of the high BAFF gene expression group, but only 13% in the low BAFF gene expression group (p=0.018). The association between measures of serological disease activity and BAFF gene expression was strong. Anti-dsDNA, hypocomplementaemia and elevation in ESR were all associated with higher BAFF expression. Those with high BAFF gene expression were more likely to have proteinuria (20%) than those with low BAFF gene expression (6%).

###### 

BAFF gene expression and same-day SLE activity: percentage of patients in each of the BAFF categories (low, medium, high) that experience markers of disease activity on the day BAFF gene expression was measured

  Variable                               1st Tertial (%, n=91)   2nd Tertial (%,n=92)   3rd Tertial (%,n=92)   p Value    Adjusted p value, age, ethnicity and sex
  -------------------------------------- ----------------------- ---------------------- ---------------------- ---------- ------------------------------------------
  PGA \>1                                13                      15                     28                     0.018      0.25
  SELENA-SLEDAI ≥2                       40                      59                     74                     \<0.0001   0.0002
  Urine protein:creatinine ratio \>0.5   6                       8                      20                     0.0041     0.23
  Anti-dsDNA                             10                      22                     35                     0.0003     0.0004
  C3\<79 mg/dL                           7                       6                      22                     0.0005     0.0012
  C4\<12 mg/dL                           4                       8                      18                     0.0085     0.0084
  ESR \>20 mm                            38                      50                     65                     0.0012     0.0092

BAFF, B cell activating factor; PGA, physician global assessment; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SELENA, Safety of Estrogens in Lupus Erythematosus: National Assessment.

The distribution of BAFF serum protein in the cohort is shown in [figure 1](#LUPUS2014000063F1){ref-type="fig"}B. It is skewed to the right with a small number of extremely high values. Most of the BAFF protein was clustered below serum levels of 2000 pg/mL. We evaluated the association between BAFF gene transcript level and serum BAFF protein level in [figure 1](#LUPUS2014000063F1){ref-type="fig"}C. There was a statistically significant, but somewhat small, correlation between transcript and protein levels (r=0.2).

BAFF protein expression and relationship to SLE disease activity {#s3c}
----------------------------------------------------------------

In a similar manner to the BAFF gene expression level, we looked for the association between the BAFF serum protein level and history of SLE disease activity (see online supplementary table S4). An association between history of malar rash, photosensitivity and arthritis and higher BAFF protein was seen that was not found with the mRNA. The association with history of anti-dsDNA and low complement and higher BAFF serum protein levels was observed similar to the BAFF gene expression levels.

Levels of BAFF serum protein did not associate with global SLE activity as measured by SELENA-SLEDAI or PGA measured on the same day though there was some borderline evidence of an association with SELENA-SLEDAI after adjusting p values for age, ethnicity and sex (p=0.089) ([table 2](#LUPUS2014000063TB2){ref-type="table"}). This is likely due to the persistence of association with the same-day anti-dsDNA. Even looking at those patients with serum BAFF protein levels \>2000 (37 patients), there was no association with disease activity (by PGA or SELENA-SLEDAI) by χ^2^ analysis (data not shown).

###### 

BAFF serum protein and same-day SLE activity: percentage of patients in each of the BAFF categories (low, medium, high) that experience markers of disease activity at their clinical visit

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variable                               Low (\<950 pg/mL)\   Medium (950--1400 pg/mL)\   High (\>1400 pg/mL)\   p Value   Adjusted p value for age, ethnicity and sex
                                         (%, n=96)            (%, n=98)                   (%, n=98)                        
  -------------------------------------- -------------------- --------------------------- ---------------------- --------- ---------------------------------------------
  PGA \>1                                20                   15                          21                     0.53      0.47

  SELENA-SLEDAI ≥2                       52                   56                          64                     0.21      0.089

  Urine protein:creatinine ratio \>0.5   12                   8                           13                     0.59      0.32

  Anti-dsDNA ≥10 (*Crithidia*)           18                   18                          32                     0.026     0.013

  C3 \<79 mg/dL                          8                    11                          14                     0.42      0.44

  C4 \<12 mg/dL                          8                    9                           12                     0.63      0.77

  ESR \>20 mm                            45                   51                          58                     0.19      0.11
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------

BAFF, B cell activating factor; PGA, physician global assessment; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SELENA, Safety of Estrogens in Lupus Erythematosus: National Assessment.

Association with future SLE disease activity {#s3d}
--------------------------------------------

We further evaluated whether a one-time measurement of BAFF would be *predictive* of disease activity over the ensuing year ([table 3](#LUPUS2014000063TB3){ref-type="table"}). Clinic visits with high clinical disease activity were associated with high baseline BAFF gene expression levels, and when averaging measured clinical disease activity over the ensuing year, the association between disease activity and baseline BAFF gene expression remained strong. Clinical disease activity measured by two indices (PGA, SELENA-SLEDAI) was strongly associated with BAFF mRNA. We did not find a similarly predictive association of BAFF protein level and the next year\'s clinical activity ([table 4](#LUPUS2014000063TB4){ref-type="table"}) though higher levels of BAFF protein did predict persistence of elevated anti-dsDNA titres and hypocomplementaemia.

###### 

BAFF gene expression and future activity: percentage of visits with future disease activity over the next year by BAFF gene expression

  Variable                              1st Tertial (%, n=91)   2nd Tertial (%, n=92)   3rd Tertial (%, n=92)   p Value    Adjusted p value for age, ethnicity and sex
  ------------------------------------- ----------------------- ----------------------- ----------------------- ---------- ---------------------------------------------
  PGA \>1                               12                      12                      29                      0.0033     0.039
  SELENA-SLEDAI ≥2                      35                      52                      70                      \<0.0001   \<0.0001
  Urine protein:creatinine ratio ≥0.5   4                       6                       18                      0.0034     0.049
  Anti-dsDNA ≥10 (*Crithidia*)          9                       16                      35                      \<0.0001   0.0005
  C3 \<79                               6                       7                       22                      0.0011     0.0056
  C4 \<79                               4                       8                       18                      0.0035     0.0033
  ESR \>20                              37                      47                      68                      \<0.0001   0.0003

BAFF, B cell activating factor; PGA, physician global assessment; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SELENA, Safety of Estrogens in Lupus Erythematosus: National Assessment.

###### 

BAFF serum protein and future activity: percentage of visits with future disease activity over the next year by BAFF protein level.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variable                              Low (\<950 pg/mL)\   Medium (950--1400 pg/mL)\   High (\>1400 pg/mL)\   p Value   Adjusted p value for age, ethnicity and sex
                                        N patients=94\       N patients=96\              N patients=96\                   
                                        N visits=309         N visits=306                N visits=303                     
  ------------------------------------- -------------------- --------------------------- ---------------------- --------- ---------------------------------------------
  PGA \>1                               15                   16                          21                     0.44      0.42

  SELENA-SLEDAI ≥2                      51                   50                          58                     0.37      0.079

  Urine protein:creatinine ratio ≥0.5   8                    7                           12                     0.41      0.049

  Anti-dsDNA ≥10 (*Crithidia*)          18                   12                          31                     0.0034    0.0022

  C3 \<79                               7                    9                           19                     0.035     0.059

  C4 \<79                               10                   5                           17                     0.016     0.026

  ESR \>20                              45                   53                          54                     0.37      0.30
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------

BAFF, B cell activating factor; PGA, physician global assessment; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SELENA, Safety of Estrogens in Lupus Erythematosus: National Assessment.

Discussion {#s4}
==========

BAFF plays a central role in the pathogenesis of SLE. Previous studies in humans suggested that serum levels of the BLyS/BAFF protein correlated with disease activity, with increasing levels correlating with flare and decreasing levels correlating with reduced disease activity.[@R28] However, these associations were relatively weak, and another study,[@R35] suggested that measures of mRNA levels correlated more closely with disease activity than with changes in BAFF protein levels. Eilertsen *et al*[@R42] found no correlation between serum BAFF level and gene expression in peripheral blood mononuclear cells. We show here that, while BAFF protein concentration does associate with serological activity, we did not find a strong association between the BAFF protein concentration and global disease activity. Our study extends the work of Collins *et al*,[@R35] to a larger, more heterogeneous population.

We show here that higher levels of BAFF gene expression are associated with higher measures of disease activity both by PGA and SELENA-SLEDAI though more strongly with SELENA-SLEDAI. In our study, BAFF gene expression has some utility as a serological marker of same-day global clinical disease activity and as a predictor of future activity. Also, the serological associations with BAFF gene expression are strong. Higher BAFF gene levels are significantly correlated with anti-dsDNA antibodies and hypocomplementaemia. While individually these markers are not greatly associated with SLE clinical disease activity,[@R3] [@R4] they remain useful as components of global activity. The recent subgroup analysis of the belimumab data showed that the subgroup with positive anti-dsDNA and low complement was most likely to respond to therapy.[@R43] While hypocomplementaemia and anti-dsDNA antibodies are not sufficient clinical data to initiate belimumab or other B-cell-directed therapies, they do describe a group that may have higher BAFF gene expression levels and possibly a greater response to this form of therapy.

In the context of the complex history of BAFF, it is useful to consider possibilities of why the associations are not *stronger* than what we find here. First, though, in this study, we have looked at BAFF in all patients, it is highly likely that there are some patients in whom BAFF is likely to play a more pathological role. These may be patients with higher circulating levels of BAFF though this is far from certain. Recent elegant work examining BAFF\'s role in antibody affinity maturation within the germinal centre showed the very local and cell-specific effects of BAFF.[@R44] Thus, it may be possible that high circulating levels are more a by-product of differential secretion and excretion than a measure of overall BAFF activity. Therefore, future work examining BAFF as a biomarker will need to examine how responsive BAFF is to changes in disease activity regardless of the level of expression. Second, BAFF has effects on more than one receptor (B-cell maturation antigen (BCMA), transmembrane activator and CAML interactor (TACI), B-cell activating factor receptor (BR3)). As is pointed out in Stohl\'s recent editorial,[@R14] inhibiting BAFF may lead to worsening autoimmunity due to BAFF\'s effect on the TACI receptor on T~FH~ cells.

We acknowledge multiple limitations of this study. This is a single-centre evaluation though large and heterogeneous. Further exploration of BAFF as a biomarker of lupus disease activity will require validation both over time as well as in other cohorts. We also note the relatively low disease activity in the cohort. Most patients have only mild disease activity (SELENA-SLEDAI of 2.1). With our lumping together of all patients with SELENA-SLEDAI higher than 2 as higher disease activity, there is some heterogeneity in this category; however, we were able to see a relatively continuous relationship between higher BAFF transcript levels and increasing levels of SELENA-SLEDAI (data not shown). Biologically, we have only measured BAFF and not the closely related APRIL. We did not seek to evaluate the multiple effector receptors or downstream effects of BAFF.

We and others have endeavoured to discover markers that would associate with disease activity and point to future disease activity as well. While these results await confirmation, we have shown that a measurement of whole blood gene expression of BAFF has greater utility in associating with SLE clinical disease activity than measurement of the gene product (the BAFF protein). We confirmed that BAFF gene expression is associated with serological activity, as was previously noted in the BAFF protein studies. Further, BAFF mRNA has utility in predicting which patients with SLE are more likely to have increased disease activity over the ensuing year. This is in excess of the information provided by standard measures of serological activity (low complement and anti-dsDNA). In a heterogeneous disorder such as SLE, across a heterogeneous population, there is likely to be a great complexity of cytokine interactions. It is, thus, encouraging that one cytokine can be evaluated to predict global activity.
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